C analysis of Daphnia resting eggs (ephippia) in lake sediment records can potentially be used to reconstruct past inlake availability of methane (CH 4 C values of sedimentary organic matter (r 0.54), but up to 20.7& lower in all except one of the lakes (average 26.1&). We conclude that incorporation of methanogenic carbon prior to ephippia formation must have been widespread by Daphnia in our study lakes, especially those with high [CH 4 ] aq . Our results suggest a systematic relationship between d
13
C ephippia values and [CH 4 ] aq in small temperate lakes, and that d 13 C ephippia analysis on sediment records may provide insights into past changes in inlake [CH 4 ] aq .
Lakes represent the second largest natural source of the greenhouse gas methane (CH 4 ) to the atmosphere, and future CH 4 emissions from lakes may be affected by changing climatic conditions such as increasing temperature (Yvon-Durocher et al. 2014) or variations in lake productivity associated with e.g., changes in nutrient concentrations in lakes (Juutinen et al. 2009 ). At present, however, longterm time series of carbon fluxes to and from lakes are rare (e.g., Lepist€ o et al. 2014) . Paleolimnological approaches that provide insight into past variations of CH 4 availability in lakes would increase our understanding of the timing and degree of the response of lake CH 4 production and emissions to changing environmental conditions.
Biogenic CH 4 has a distinct stable carbon isotopic composition (expressed as d 13 C values) , with values typically between 280& and 250& (Jedrysek 2005) . CH 4 in lakes can be oxidized by methane-oxidizing bacteria (MOB), after which the methanogenic carbon is once again bound in organic matter and available to the food web (Frenzel et al. 1990) . MOB preferentially incorporate 12 C over 13 C, resulting in even lower d 13 C values of MOB biomass than recorded for CH 4 (2100& to 255&) (Templeton et al. 2006) . Field studies have demonstrated that d 13 C values of a number of aquatic invertebrate groups, including water fleas of the genus Daphnia, become lower if MOB form part of their diet (Kankaala et al. 2010; Ravinet et al. 2010) . Low d 13 C values of fossil remains of these organism groups may therefore indicate periods in the past in which MOB were more abundant, or more accessible to these invertebrates, which in turn may be related to higher CH 4 availability in the examined lake ecosystems (van Hardenbroek et al. 2013) . Several recent studies have interpreted variations in d 13 C values of chitinous invertebrate remains in lake sediment records as an indication of changes in CH 4 availability in lakes (Wooller et al. 2012; van Hardenbroek et al. 2013; Frossard et al. 2014) . Van Hardenbroek et al. (2013) C algae ), the preferred food source of Daphnia (Lampert 2011; Smyntek et al. 2012) . In addition, the concentration of CO 2 in the lake water ([CO 2 ] aq ) has a strong effect on the carbon isotope fractionation during the uptake of CO 2 by algae (e.g., Laws et al. 1995 (Meyers 1994) .
Methods
Sediment samples originate from a campaign studying lake sediments and limnological characteristics of 32 lakes in Finland, Sweden, Germany, the Netherlands, and Switzerland in August and September of 2010 and 2011 (Rinta et al. 2014 ). Here we present d
13
C ephippia values from sediments within this survey that had high enough ephippia abundances to provide the sample weight necessary for our analyses (> 70 lg per sample).
Sediment sampling and treatment
On each lake, a gravity corer (UWITEC, Austria) was used to obtain replicate surface sediment samples (top 0-2 cm) in the deepest (typically central) part of the lake, in the nearshore waters (typically at 1-4 m water depth, just beyond emerging macrophytes), and, in all except one lake (Mekkoj€ arvi), at an intermediate depth (just below the thermocline or, if the lake was not stratified, at a water depth halfway between the central and nearshore samples). These sediment samples were freeze dried and stored dry and dark until analysis. As deepwater sediments are most likely to represent organic matter produced by phytoplankton or other POM available for Daphnia (as opposed to terrestrial organic matter or littoral production), a small aliquot of the freeze dried sediments from the deep-water sediments was prepared for analysis of d 13 C SOM values. It was exposed to 2.5% HCl solution for six hours (18 hours for the carbonate-rich Swiss lakes) and thoroughly rinsed, centrifuged (3000 rpm) and decanted five times to remove carbonates (Meyers and Teranes 2001) before being freeze dried again. Samples were then loaded into tin cups (8 3 5 mm; Elemental Microanalysis, United Kingdom) for d 13 C analysis. Additional sediment was deflocculated in 10% KOH for two hours at room temperature and sieved with a 100 lm mesh size. The sieving residue was then exposed to NH 4 Cl solution (2 mol L 21 ) buffered with NaOH (0.35 mol L
21
) for 20 h to remove carbonates at neutral pH (Verbruggen et al. 2010) . Then, 70-120 lg of Daphnia ephippia (if present in sufficient numbers) were picked into silver cups (6 3 4 mm; S€ antis, Switzerland) under a dissecting microscope (magnification x20-x50) for analysis of d
13
C ephippia values. During this process any sediment attached to the ephippia was carefully removed with fine forceps. On a regular basis sample material was examined under a binocular with a polarisator to confirm there were no carbonate particles attached to the ephippia.
Gas sampling and water chemistry
The gas sampling and water chemistry results are described in detail in Rinta et al. (2014) . In the deepest part of the lakes, a vertical profile of water temperature and oxygen concentrations ([O 2 ] aq ) was measured with an oxygen and temperature sensor (WTW CellOxV R 325 oxi1970i, Germany). With a 5 L water sampler (UWITEC, Austria), water samples from the surface waters (0.7 m below the surface) and bottom waters (one meter above the sediment) were then taken. A 60 mL Schilder et al.
Ephippia d 13 C reflects methane availability subsample was injected into a preprepared 118 mL glass vial with a 10 mm thick massive butyl rubber stopper (Apodan, Denmark), leading to an overpressure in the vials. Before fieldwork, 0.2 mL H 3 PO 4 was added to each of these vials in the laboratory after which they were evacuated and flushed with N 2 gas (Carbagas, Switzerland) three times to ensure a CO 2 -free headspace. The H 3 PO 4 was added as a preservative that also converts DIC in the sample to gaseous and dissolved CO 2 . After evacuating and filling with N 2 gas for the third time, a needle was used to pierce the stopper and allow for pressure equilibration with the surrounding air (pressure recorded) by release of excess N 2 . In the field, a 60 mL sample of water from approximately 10 cm above the sediment was taken from one of the sediment cores obtained at the deepest part of the lake using a small rubber tube attached to a syringe with a three-way valve. The water in the tube was flushed and care was taken to ensure no air remained in the tube and syringe before 60 mL of water was sampled and injected into 118 mL glass vials preprepared as described above. Gas samples were stored in the dark for 3-12 weeks, after which the CH 4 and CO 2 concentrations in the headspace of the vials were analyzed by gas chromatography using a flame ionization detector with a methanizer (GC-FID; Shimadzu GC-8, PoropackN column (Stumm and Morgan 1996) , interpreted as [CO 2 ] aq . The temperature dependency of the carbonate system equilibrium constants was accounted for by linearly interpolating the values for 10 C, 15 C, 20 C, and 25 C provided by Stumm and Morgan (1996) . d C DIC values, and CO 2 is the most important source of carbon for algae (Farquhar et al. 1989) Stumm and Morgan (1996) , taking the temperature dependence of associated equilibrium constants into account (Deines et al. 1974 (Rinta et al. 2014) . The amount of gas injected into a helium carrier gas stream was dependent on the CO 2 concentration, and ranged from 0.01 mL to 2.5 mL from the sample headspace. The sample was then dried in dry ice ethanol mixture (278 C). CO 2 was cryogenically separated from the sample gas mixture by means of liquid nitrogen. Afterwards, CO 2 was volatilized and via a helium carrier gas stream transferred to the IRMS. The IRMS used was a ThermoFinnigan MAT Delta Plus XL with several special characteristics for low-volume trace gas isotope analysis described by Leuenberger et al. (2000a,b) . Accuracy and precision of the isotope ratio measurements was better than 0.3&. 
Numerical analyses
Pearson's correlation coefficient (r) and associated p values were calculated with the PAST software package, version 1.97 (Hammer et al. 2001) . The dissolved gas concentration data were log-transformed to reduce skewness. The variance explained in d 13 C ephippia by [CH 4 ] aq independent of the variance explained jointly with d 13 C SOM was assessed following Borcard et al. (1992) (Fig. 2C,D 
Discussion
Daphnia are known to filter particles out of the water column, including algae, bacteria, and (terrestrial or aquatic) organic detritus, with algae usually forming the largest part of the diet (Lampert 2011; Smyntek et al. 2012 ). In our study sites, d
13 C ephippia values ranged from 251.6& to 225.9&.
Some d 13 C ephippia values were clearly lower than can be expected for algae in temperate and boreal lakes (235 to 225&) (France 1995b; Vuorio et al. 2006) . Some of the observed values are also clearly lower than d
13
C ephippia values reported in lake surface sediments by van Hardenbroek et al. (Taipale et al. 2008; Smyntek et al. 2012) . Ephippia formation is stimulated by external stimuli, such as food availability, photoperiod, and population density (Lampert 2011 ).
Field observations have revealed that the timing of ephippia production varies between species, but that many of the investigated species have ephippia production peaks around April-June and September-November (e.g., C aceres 1998). Our field campaigns occurred in August-September, which overlaps with the fall ephippia production peak. Furthermore, study lakes with high [CH 4 ] aq in the hypolimnion are expected to also have elevated [CH 4 ] aq in the photic zone during autumn overturning (e.g., Schubert et al. 2012 For 10 of our study lakes the diffusive CH 4 flux from the lake surface to the atmosphere has been measured during sampling (Schilder et al. 2013) , whereas for the remaining sites calculating diffusive flux estimates was not possible due to high rates of gas bubbles escaping the sediment (ebullition). A weak negative relationship between d 13 C ephippia values and diffusive flux estimates seems to exist ( Fig. 2A) 
Schilder et al.
Ephippia d 13 C reflects methane availability ephippia in development, to well below the thermocline in a German lake. This behavior may explain how Daphnia in such stratified lakes can access MOB, which are expected to be most abundant near the oxycline (e.g., Rudd et al. 1976 ), or methanogenic carbon bound in POM in anoxic waters of stratified lakes (Lehmann et al. 2004 ). The lakes we studied had a maximum depth of 2-31.5 m (average 15 m), and the anoxic water layers were within the range of reported vertical migration by Daphnia at all localities.
Photosynthetic primary producers and the variability in d
13
C ephippia values The alternative mechanism to the uptake of methanogenic carbon that may potentially explain the apparent correlation between d (Fig. 3A) . d 13 C values of CO 2 , the carbon source for most algae (Farquhar et al. 1989 ), correlated negatively with d 13 C ephippia (Fig. 3B) , in contrast to the expected positive correlation if d 13 C ephippia values primarily depended on those of algal carbon. Furthermore, no clear relationship is apparent between [CO 2 ] aq and d
C ephippia values in our dataset (Fig. 3C) C CO2 -algae ) up to 25& (e.g., Laws et al. 1995) , with the highest values resulting from manipulating [CO 2 ] aq to be very high or growth rates to be very low, situations that are not necessarily representative of the natural situation. Field studies investigating the offset between d 13 C values of CO 2 and algae (or POM) in the surface water have show that algae (or POM) typically have d
13 C values 0-17& lower than that of CO 2 , with some of the lowest reported values being representative of winter conditions in a large carbonate-rich lake (Hollander and McKenzie 1991; Bade et al. 2006; Marty and Planas 2008) . In our lakes, the offset between d 13 C CO 2 and d 13 C ephippia values (D 13 C CO2 -ephippia ) exceeded carbon fractionation values reported for algae in field studies in 8 of our 15 study sites, with offsets up to 36.8& (mean 17.5&, standard deviation 6 10.9&; Fig. 4A ). We conclude that variable carbon fractionation by algae between our study lakes in combination with between-lake variability in baseline d Our DIC data rely on spot measurements taken on a single sampling date during late summer. Concentrations and d
C values of DIC and CO 2 during Daphnia ephippia formation may therefore have differed to some extent from our reported DIC measurements. However, the between-lake gradient in d 13 C DIC values (17&) in our data is larger than the within-lake between-season variability that can be expected for most of our study sites (< 5&; e.g., Hollander and McKenzie 1991; Lehmann et al. 2004) , and there is a large gradient in [CO 2 ] aq (6.3-598.9 lmol L 21 ) in our data set. Therefore, it seems unlikely that seasonal variability in CO 2 concentrations and d (Bade et al. 2006 ). In addition, other food sources unrelated to CH 4 such as bacteria growing on terrestrial or aquatic organic matter, or other heterotrophic microorganisms feeding on these organisms, can provide food for Daphnia. d 13 C SOM values, especially in the deepest part of the lake basin, can be expected to provide an estimate of d
C POM in our study lakes over the seasonal cycle (Meyers 1994) However, if the offset between d 13 C ephippia and d 13 C SOM values is examined relative to the atomic C : N ratio of SOM, typically interpreted as an indicator for whether SOM is predominantly of terrestrial or aquatic origin (Meyers and Teranes 2001) , no relationship is apparent (Fig. 4C) Borcard et al. (1992) . For each pair of variables the variance explained by each variable on its own as well as the variance explained independent of the second variable is provided. C ephippia analyses with proxies that provide information on e.g., changes in past algal productivity or oxygen availability may strengthen the inferences regarding past in-lake CH 4 availability and help to separate changes in d 13 C ephippia related to variations in [CH 4 ] aq from those related to other causes, such as changes in baseline d 13 C ephippia or lake productivity.
There are some limits to the extent to which we can assess the potential of this approach for paleolimnological studies based on the presented data, however. First, we do not have a full matrix of d C ephippia values obtained from sediments from different coring sites in most lakes (Fig. 1 ). Further and more extensive studies based on a larger number of deep-water sediment samples are necessary to examine whether correlations between [CH 4 ] aq and d
C ephippia values can be further improved by restricting analyses to the deepest sections of lakes. Second, within our study we were not able to determine the identity of the Daphnia species the ephippia belong to. Daphnia species may differ in the timing of ephippia production (e.g., C aceres 1998), in size and, consequently, the size fraction they are able to filter from lake water (Lampert 2011 as may be caused by shifts in catchment vegetation, algal productivity or rates of respiration in the water column (e.g., Lennon et al. 2006; Frossard et al. 2014) , or changes in the seasonality of ephippia production. Finally, it is expected that the relationship between d
C ephippia values and CH 4 availablity we describe is restricted to certain lake types (e.g., in respect to size, depth, and nutrient and oxygen availability) and it may break down if larger datasets are considered. 
